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INTRODUCTION 
Among the  requirements f o r  a self-sustaining regenerative CELSS a r e  atmo- 
spheric regeneration by reduction of carbon dioxide and evolution of oxygen 
and reincorporation of the  reduced carbon into  the  organic const i tuents  of human 
food. A controlled-environment crop production system i s  a probable component i n  
accomplishing these requirements. However, higher plants ,  together with t h e i r  
reactions to  environmental and cul tural  condit ions,  compri se an extremely compl ex 
biological system, and inclusion of a crop production system i n  a CELSS requires 
answers t o  questions of i t s  r e l i a b i l i t y  and p red i c t ab i l i t y  to  meet the  regen- 
e r a t i ve  requirements i n  response t o  perturbations i n  the environmental conditions 
and i t s  f l e x i b i l i t y  f o r  controlled l eve l s  of functioning in  optimization of rnass 
flows within a CELSS i n  response t o  selected environmental conditions. Two 
concerns i n  evaluation of crop reactions t o  environmental conditions a re  how t o  
evaluate e f f e c t s  of environmental conditions on crop growth and y i e ld ,  and once 
any s e t  of environmental conditions has been experienced by the crop, what can be 
done t o  readjust  crop growth and yie ld  t o  l eve l s  f o r  optimization of the CELSS. 
The capab i l i ty  t o  respond to - the  l a t t e r  concern depends on the a b i l i t y  to  evaluate 
probable outcomes of possible management s t r a t e g i e s ,  including se lect ions  from 
among avai lable  environmental conditions. Mathematical modeling of the  crop 
system can a s s i s t  i n  addressing these questions and in in terpret ing the  r e s u l t s  
of d i s c r e t e  experimental s tud ies  of crop react ions  t o  environmental conditions. 
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The c rop  system t h a t  must be addressed i s  one of a  community o f  p l a n t s  
growing under cond i t i ons  se lec ted  by management and by poss ib le  mal funct ions.  
Bu t  t h e  complex i ty  o f  t h e  system makes i t  i n h e r e n t l y  d i f f i c u l t  t o  de f ine .  
The complex i ty  o f  t h e  c rop  product ion  system i s  manifested i n  t he  l a r g e  number 
o f  i n t e r a c t i n g  v a r i a b l e s  needed t o  descr ibe  t h e  inner  workings o f  the  system, 
i n  t h e  l a r g e  number o f  p o s s i b l e  behaviora l  responses and i n  the  l a r g e  number 
of environmental regimes t o  which t h e  system might  be sub jec t .  Moreover, 
w h i l e  t h e  system i t s e l f  can be h i g h l y  complex, d i s c r e t e  experiments designed 
t o  p rov ide  i n fo rma t ion  about the  behavior o f  the  system can be o n l y  as complex 
as w i l l  a l l o w  i n t e r p r e t a t i o n .  I n  t h i s  context ,  then, the  problem o f  eva lua t ing  
t h e  behaviors o f  c rop  product ion  systems as a  component o f  a  CELSS i s  how t o  
use a  f i n i t e  and r e l a t i v e l y  small number o f  experimental observat ions, made 
under r e l a t i v e l y  s imple de f i ned  cond i t ions ,  t o  make in fe rences t o  a  nea r l y  
i n f i n i t e  s e t  o f  poss ib le  cond i t i ons  f o r  a  v a s t l y  more complex system. 
THE ABSTRACTION HIERARCHY 
I n  address.ing the  problems o f  a  c rop  product ion system wi th - in  a  CELSS, 
i t  i s  usefu l  t o  draw on the  concept o f  a b s t r a c t i o n  h ie ra rchy  (Mesarovic -- e t  a1 ., 
1970) i n  which the  l e v e l s  o f  h ie rarchy  r e f e r  t o  how coarse ly  o r  f i n e l y  ground 
t h e  system i s  taken t o  be. The f o l l o w i n g  l e v e l s  might  be i d e n t i f i e d :  
(a )  CELSS crop ecosystem l e v e l  ; (b)  p l a n t  community l e v e l  ; ( c )  s i n g l e  p l a n t  
l e v e l ;  ( d )  organ s t r u c t u r e s  and elementary func t i ona l  processes such as photo- 
synthesis ,  r e s p i r a t i o n ,  t rans1  oca t i on  , e tc .  , (e)  elementary s t ruc tu res  such 
as c e l l  s, membranes, l o c a l  s t r u c t u r e d  processes, etc .  ; ( f )  mol ecu la r  physiology 
and chemist ry ;  and (g )  atomic and molecular  physics. Each o f  these l e v e l s  i s  
meant t o  stand f o r  a  c o l l e c t i o n  o f  subsystems o r  components t h a t  co -ex i s t  and 
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p o s s i b l y  i n t e r a c t  w i t h i n  the  l e v e l ,  and t h e  nex t  h igher  (coarser )  l e v e l  can 
be viewed as a  l e v e l  o f  o rgan iza t i ona l  s t r u c t u r e  o f  these components (Gold and 
Raper, 1983). If one proceeds w i t h i n  the  h ie rarchy  f rom bottom t o  top, o r  
f i n e r  t o  coarser l eve l s ,  i t  becomes inc reas ing l y  more d i f f i c u l t  t o  c o n t r o l  the 
experimental  environment o f  t h e  system. The breakpoint  i n  b i o l o g i c a l  systems 
comes a t  about the  s i n g l e  p l a n t  l e v e l ,  f o r  which i t  i s  poss ib le  t o  c o n t r o l  the 
environment w i t h i n  phy to t ron  and growth chamber f a c i l  i t i e s .  ( A  phyto t ron  i s  
de f ined as an assemblage o f  contro l led-envi ronment  chambers and glasshouses 
/ 
used simul taneously and i n  var ious  combi na t ions  t o  i n v e s t i g a t e  p l a n t  responses 
t o  environment, and the  term thus imp l i es  f u n c t i o n  r a t h e r  than s i z e  o f  t he  
c o n t r o l  1  ed-environment f a c i  1  i ty. ) Thus, w h i l e  in fe rences f rom experiments are  
des i red  f o r  CELSS a t  l e a s t  a t  t h e  p l a n t  community l e v e l ,  o r  p o s s i b l y  h igher  a t  
t he  c rop  ecosystem l e v e l  , t h e  observat ional  1  eve1 a t  which experimental  con- 
d i t i o n s  can be c o n t r o l l e d  i s  l i m i t e d  t o  t h a t  o f  s i n g l e  p l a n t s  o r  very  small 
groups o f  p lav ts .  The processes, such as photosynthesis,  r e s p i r a t i o n ,  and 
t rans loca t i on ,  t h a t  g i v e  r i s e  t o  these observat ions and upon which extrapo- 
l a t i o n  t o  h igher  l e v e l s  must be based, a re  a t  y e t  a  f i n e r  l e v e l .  The a b i l i t y  
t o  make inferences about the  c lass  o f  systems a t  t he  complex l e v e l  o f  
o rgan iza t i on  i s ,  there fore ,  dependent upon the  a b i l i t y  t o  draw r e l a t i o n s h i p s  
across l e v e l s  i n  the  hiqerarchy. Since the  h i e r a r c h i a l  s t r u c t u r e  i s  an 
a r t i f a c t  t o  f a c i l i t a t e  s c i e n t i f i c  d e s c r i p t i o n  of t he  system, the  usefu lness 
o f  such a  d e s c r i p t i o n  hinges on the  a b i l i t y  t o  descr ibe each o f  t he  l e v e l s  
and each of the subsystems a t  a  g iven l e v e l  independently o f  the  o the r  l e v e l s  
and su bsys terns. 
As one proceeds up the  h ie rarchy ,  i t  should be noted t h a t  the  d e t a i l  
necessary t o  descr ibe a  lower l e v e l  i s  s p e c i f i c a l l y  n o t  wanted f o r  the  
d e s c r i p t i o n  o f  a h igher  l e v e l  (Gold and Raper, 1983). For example, consider  t h e  
r e l a t i o n s h i p  between each component molecule and t h e  aggregate content  o f  carbon 
d i o x i d e  gas w i t h i n  t h e  c rop product ion system. Each o f  the  6 . 0 2 ' 1 0 ~ ~  i n d i v i d u a l  
molecules w i t h i n  a mole o f  gaseous carbon d iox ide  are character ized by t h e i r  
i n d i v i d u a l  p o s i t i o n s  and energy l e v e l s  a t  any i n s t a n t .  While the  ex ten t  o f  t h i s  
c l e a r l y  i s  more than one p a r t i c u l a r l y  wants t o  deal w i t h  f o r  an aggregate des- 
c r i p t i o n ,  t he  t o t a l  , c o l l e c t i o n  of carbon d iox ide  molecules can be charac ter ized 
by d e f i n i t i o n  o f  volume, temperature and pressure. While these th ree va r iab les  
. . 
t h a t  descr ibe t h e  h i g h  l e v e l  a re  funct ions o f  the  i n f i n i t e l y  more extensive 
,,- . 
c o l l e c t i o n  o f  v a r i a b l e s  t h a t  descr ibe t h e  lower, these func t i ons  have no inverse 
and in fo rmat iona l  d e t a i l  i s  l o s t  as one moves from a f i n e r  t o  a coarser l e v e l  
w i t h i n  t h e  h ierarchy.  One r o l e  o f  a mathematical model o f  t he  crop system thus 
i s  t o  a s s i s t  i n  expressing the  re levan t  i n fo rma t ion  func t i ons  and determining 
what d e t a i l  needs t o  be re ta ined  t o  charac ter ize  t h e  p l a n t  growth w i t h i n  t h e  
sys tem . 
, ,  ' .  
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While t h e  behavior of a system a t  a h igher  l e v e l  o f  abs t rac t i on  i s  a 
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f u n c t i o n  o f  behavior a t  t h e  lower l e v e l ,  t he  lower l e v e l  operates under con- 
s t r a i n t s  imposed by t h e  organ iza t iona l  s t r u c t u r e  o f  t h e  h igher 1 eve1 (Mesarovic 
e t  a l . ,  1970). I n  a b i o l o g i c a l  system the re  i s  the  a d d i t i o n a l  compl icat ion t h a t  
--
p a r t  o f  t h e  behavior o f  t h e  system a t  any l e v e l  i s  t o  a l t e r  i t s  own s t r u c t u r e  
t o  cause a feedback r e l a t i o n  between c o n s t r a i n t s  and processes. An example o f  
.-. I 
such an i n t e r l e v e l  dependency i s  the  r a t e  o f  photosynthet ic  a s s i m i l a t i o n  o f  
energy by the  p l a n t .  The l e a f  s t r u c t u r e  o f  t h e  p l a n t  imposes a h igher l e v e l  
on t h e  i n t e r c e p t i o n  and absorpt ion o f  r a d i a n t  energy as the  i npu t  f o r  t he  
photosynthet ic  process du r ing  a t ime i n t e r v a l .  During the  t ime i n t e r v a l  t he  
structure changes in response to  the production of photoassimilates available 
f o r  growth. 
Several implications can be drawn from these general arguments about the 
re1 ationshi p between 1 evel s of the hierarchial structure (Gold and Raper, 1983). 
First, interactions between subsystems a t  the same 1 evel tend to  proceed through 
the interaction of lower level component processes such as  the interaction 
between a plant and the aer ial  environment. The processes of carbon dioxide 
" t r 
movement within and between the two components i s  governed by the constraints 
on molecular movement within each component and the structural re lat ion between 
the two (which i s  a constraint imposed by yet a higher level 'of organization). 
Second, subsystems a t  different  levels  tend to  operate on different  time scales 
since changes a t  one level are  functions of processes a t  the lower level.  As 
an extreme example, consider morphological features,  such as the position of 
leaves which are  developed on a re la t ive ly  long time scale of days and remain 
constant over even longer periods of weeks once bui l t  into the growth of a 
plant, and physiological character is t ics ,  such a s  photosynthetic r a t e  per u n i t  
leaf area, which a re  reversible on a re la t ive ly  short time scale of minutes or 
seconds. Thirdly, an observation of the s t a t e  of the system in t r ins i ca l ly  
involves an interaction between the system i t s e l f  and the measuring device and 
involves processes a t  a lower level leading u p  t o  the observation. For example, 
attaching a plexiglas cuvette to  a leaf t o  measure net photosynthetic ra te  by 
infrared gas analysis a l t e r s  the microenvironment of the leaf ,  and the net 
exchange of carbon dioxide between the cuvette environment and the c hl oropl a s t s  
within leaf c e l l s  involves changes in thermodynamic constraints imposed by 
s ize and energy fluxes of the cuvette. Finally, because of feedback loops in 
- - 
b i o l og i ca l  systems i nvo l v i ng  process func t ions  (such as photosynthesis) and 
s t r uc tu ra l  funct ions (such as 1  eaf devel opment) between l eve l  s  and the absence 
o f  t o t a l  cognizance o f  processes w i t h i n  any 1  evel , i n t e r 1  evel re la t ionsh ips  
cannot be der ived f rom ex t rapo la t ion  from one leve l  t o  another. Rather, 
i n t e r l e v e l  r e l a t i onsh ips  must be der ived from i n t e rpo la t i on  between l e v e l s  
based upon an understanding of the physical  laws t h a t  govern behavior o f  the 
system a t  the  d i f f e r e n t  l e v e l s  and uoon an understanding o f  the i n t e r l e v e l  
i n te rac t ions .  
SIMULATION MODEL FOR CROP PLANTS 
Describing the dynamic re la t ionsh ips  between l eve l s  o f  the system h ie r -  
archy i s  one o f  the funct ions o f  a  mathematical simulat ion model o f  crop plants.  
Most crop s imula t ion model s  are based on models f o r '  s ing le  p lants,  sometimes 
as modi f ied  by the presence of o ther  p lants .  These models express growth and 
metabol ic a c t i v i t y  as a  func t ion  o f  environmental var iables,  using mathematical 
forms suggested by knowledge o f  basic biochemistry and p l an t  physiology. 
Ve r i f y i ng  the a p p l i c a b i l i t y  o f  these mathematical descr ip t ions and determining 
values o f  the parameters t o  use genera l l y  required rep l i ca ted  experimentation 
under as c a r e f u l l y  con t ro l l ed  and p rec i se l y  i d e n t i f i e d  cond i t ions as possible. 
The cond i t ions f o r  these experiments should n o t  be chosen f o r  the purpose o f  
d i r e c t  ex t rapo la t ion  of r e s u l t s  t o  a  crop production system f o r  CELSS, such 
as i den t i f y i ng  a  se t  of environmental cond i t ions f o r  maximum y i e l d  o f  a  crop 
species. Although such studies are  usefu l  i n  def in ing the upper l i m i t s  o f  
p r o d u c t i v i t y  f o r  the crop production system, sustained l eve l  s  o f  maximum growth 
and y i e l d  do n o t  opt imize the  e n t i r e  CELSS. Also, the technology of ground- 
based experimental systems i s  1  i k e l y  no t  t o  be d i r e c t l y  app l icab le  t o  an 
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ac tua l  CELSS. Rather, cond i t i ons  f o r  exper imentat ion should be chosen f o r  
t he  purpose o f  v e r i f y i n g  the  mathematical f o rmu la t i on  o f  the under ly ing  p l a n t  
physiology, f o r  the  purpose o f  t e s t i n g  the  fo rmula t ion  o f  how t h e  l e v e l s  
r e l a t e  t o  each other ,  and f o r  t he  purpose of l e a r n i n g  t h e  .values o f  t he  ap- 
p r o p r i a t e  parameters (Gold and Raper, 1983). 
As an example o f  model development t o  r e l a t e  i n d i v i d u a l  processes t o  
environmental cond i t i ons  and behavior o f  t h e  whole p l a n t  w i t h  poss ib le  ap- 
p l  i c a t i o n  t o  CELSS, consider  the  simpl e, d e t e r m i n i s t i c  model f o r  p l a n t  growth 
t h a t  we a r e  working on a t  Nor th  Caro l ina  S ta te  U n i v e r s i t y .  A mathematical 
s imu la t i on  model i s  necessa r i l y  a simpl i f i c a t i o n  of t he  actual  system under 
cons idera t ion  i n  which essen t i a l  c h a r a c t e r i s t i c s  o f  t h e  ac tua l  system should 
be mimicked by the  model. I n  t h i s  case our  o b j e c t i v e  i s  t o  take i n t o  account 
t he  dominant f ea tu res  o f  p l a n t  physio logy t o  descr ibe  p l a n t  growth sub jec t  
t o  a wide range o f  v a r i a t i o n s  i n  environmental cond i t ions .  
A general d e s c r i p t i o n  o f  t he  model can be g iven w i thout  going i n t o  the  
mathematical d e t a i l  (Wann -- e t  al.,, 1978, 1979, 1984). The e f f e c t s  o f  i n c i d e n t  
p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  and ambient carbon d iox ide  concent ra t ion  
a re  incorpora ted  d i r e c t l y  through t h e  process o f  photosynthesis and the  
e f fec ts  o f  temperature d i r e c t l y  through the  processes o f  photosynthesis,  
r e s p i r a t i o n ,  growth, and aging. Leaves, stems, and r o o t s  a re  de f ined as 
separate organ c lasses du r ing  vegeta t ive  growth (F igure  1). For each o f  
these classes, compartments a r e  i d e n t i f i e d  f o r  so lub le  carbohydrate pool, 
young t i ssues  capable o f  a c t i v e  growth, mature t i s s u e s  incapable of a c t i v e  
growth b u t  otherwise capable o f  normal phys io log i ca l  func t ion ing ,  growth 
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Figure 1. Ener y and carbon f lows i n  the p lan t  system as adapted from 
Wann -- e t  al., 9 1978, 1979, 1984, 1986). Rectangular boxes w i t h  s o l i d  
o u t l i n e  represent compartments w i t h i n  the p lan t  system, rectangular  
boxes w i t h  dashed o u t l i n e  represent compartments external  t o  the p l an t  
system, and e l  1 i p t i c a l  boxes represent processes. ,. 
and maintenance resp i ra t ion .  An addi t iona l  compartment f o r  photorespirat ion 
i s  i d e n t i f i e d  f o r  the leaves. Photosynthesis serves as the so le  source for  the 
carbohydrate, pool i n  the  1 eaves, and net  movement o f  carbohydrate i s  from the 
l e a f  pool , to the stem pool and from the stem pool to. , the r o o t  pool. Since 
t rans loca t ion  f l uxes  between pools must be su f f i c i en t  t o  maintain a l i v i n g  
s ta te  and t o  support normal growth of the organs, they are determined under 
two poss ib le  condi t ions (Wann and Raper, 1986). F i r s t ,  when carbohydrate 
supply i n  the source (export ing)  organ i s  no t  l i m i t i n g ,  the f l u x  i s  assumed 
t o  be determined by demand o f  the s ink  ( rece iv ing)  organ and by the a v a i l  - 
a b i l i t y  o f  carbohydrate i n  the source pool. Source strength i s  considered 
as propor t ionate  t o  the col lcentrat ion o f  ca rbohydra te in  the pool o f  the 
expor t ing organ and s ink demand i s  def ined as the amount o f  a c t i v e l y  growing 
t i s sue  i n  the rece iv ing organ. ~ o n v e r s e l ~ ,  i f  carhohydrate a v a i l a b i l  i t y  i n  
.. - .  
pools i s  i n s u f f i c i e n t  t o  . s a t i s f y  a l l  demands o f  growth and r e s p i r a t i o n  by 
organs, maintenance resp i r a t i on  and growth are  assigned the f i r s t  and second 
highest  p r i o r i t i e s  f o r  a1 l oca t i on  o f  carbohydrate w i t h i n  the organ pool. 
The remaining carbohydrate--in the source pool i s  then ava i lab le  f o r  t rans- 
l oca t i on  t o  the s ink  organ. 
O f  the  f i v e  classes o f  parameters included i n  the model, on l y  f ou r  
( the  maximum photosynthetic ra te ,  the spec i f i c  r esp i r a t i on  ra tes ,  the spec i f i c  
aging rates,  and the maximum spec i f i c  growth ra tes )  are d i r e c t l y  dependent on 
temperature (Wann -- e t  al. ,  4978, 1979, 1984). The f i f t h  c lass  o f  parameter,, 
t he  t rans loca t ion  coe f f  ic i .ents, are cons'idered t o  be 'responsive t o  temperature 
i n d i r e c t l y  through the e f f e c t s  of-temperature on the concentrat ion o f  carbo- 
hydrate i n  the source pool and the s i ze  and metabol ic a c t i v i t y  of the s ink  
organ (Wann and Raper, 1984'). , I  . I . . , 
A se t  o f  nonl inear, o r d i n a r y L d i f f e r e n t i a l  equations (Wann -- e t  a1 . , 1978,, 
1979) i s  used t o  describe the  f l o w  o f  energy (and carbon) through a17 com- ' 
partments s p e c i f i e d . i n  ,Figu;re 1. l.For a given i n s t a n t  the net  f l o w  ra tes  , -  
f o r  each compartment are  computed as the dif ference between i npu t  and output  
f low ra tes .  The e n t i r e  se t  o f  d i f f e r e n t i a l  equations has s!imultaneous 
so l u t i on  t o  g i ve  a continuous s imulat ion of p l a n t  phys io log ica l  processes. 
Since the s imula t ion o f  p l a n t  growth i s  continuous, the d i s t i n c t  cond i t ions 
of pool sizes, average age o f  t issues, and metabol i c  a c t i v i t y  t h a t  are  
r e f l e c t i v e  o f  the environmental h i s t o r y  o f  the  p l an t  do n o t  requ i re  updating 
a t  d i s c re te  i n t e r v a l s  o f  t ime o r  growth stage, but  are predicted by the 
performance o f  the  model i n  response t o  environmental cond i t ions during 
~ 
growth. Furthermore, t h i s  i s  the on ly  s imula t ion model f o r  growth o f  the 
whole p l a n t  o f  which we a re  aware (Legg, 1981) t h a t  the e f f ec t s  of environ- 
ment are  incorporated mechanist ical l y  through t h e i r  e f f o r t s  on the processes 
of photosynthesis and resp i r a t i on .  
MODEL VALIDATION 
Many o f  the important  parameters requ i red by the model, such as t rans- 
l o c a t i o n  c o e f f i c i e n t s  and aging rates,  are  d i f f i c u l t  t o  measure d i r e c t l y  and 
can on ly  be est imated by f i t t i n g  the model against  experimental data through 
the use o f  numerical i n t eg ra t i on  and i t e r a t i v e  weighted l e a s t  squares techniques. 
Data i n i t i a l l y  used i n  f i t t i n g  the model were obtained from experiments con- 
ducted w i t h  tobacco p lan ts  (Nicot iana tabacum L. 'NC 2326') grown f o r  35 days 
a t  constant  temperature condi tons over a range o f  14 t o  3 4 ' ~  and a constant 
pho tosyn the t i ca l l y  a c t i v e  r ea ia t i on  o f  750 pmol m -2,-1 i n  growth rooms o f  the 
phytotron a t  North Carol ina State Un ive rs i t y .  Plants were sampled a t  2 t o  3 
day i n t e r v a l s  dur ing the growth period. The f i t  of the model was v e r i f i e d  by 
comparing the d r y  weights o f  leaves, stems, and roots  w i t h  the measured d ry  
weights a t  each sampling date f o r  each temperature ( ~ a n n  e t  al . ,  1978). 
The model was then v a l  i da ted  aga ins t  independently der ived data se ts  
f rom experiments w i t h  na tu ra l  v a r i a t i o n  i n  r a d i a t i o n  under f i x e d  temperatures 
i n  cont ro l led- tempera ture  glasshouses of t he  phy to t ron  (Wann -- e t  a l . ,  1978) 
and f rom experiments w i t h  weekly (F igure  2 )  and d a i l y  changes i n  temperature 
under cons tant  r a d i a t i o n  i n  growth chambers (Wann and Raper, 1984). The p l a n t s  
i n  a l l  programs of weekly temperature change (F igure  2, i n s e r t s )  were subjected 
t o  each of t h e  f i v e  day/n ight  temperatures du r ing  1 week o f  t he  5-week growth 
per iod,  b u t  s ince  t h e  sequence o f  temperatures was d i f f e r e n t  i n  each of t he  
ten  programs, t he  p l a n t s  i n  each o f  the  programs experienced any s i n g l e  
day/n ight  temperature a t  a d i f f e r e n t  combinat ion o f  growth stage and prev ious 
temperature h i s t o r y .  When r e a c t i n g  t o  a g iven temperature, t h e  p l a n t s  thus 
would be expected t o  have d i s t i n c t  cond i t i ons  o f  pool sizes, average age o f  
t i ssues ,  and metabol ic  a c t i v i t y .  These f a c t o r s  a re  n o t  updated a t  d i s c r e t e  
i n t e r v a l s  o f  t ime o r  growth stage f o r  t h e  cont inuous s imu la t ion  o f  p l a n t  
growth by t h i s  model, b u t  r e f l e c t  t he  performance o f  the  model. Thus, t he  
genera l l y  good agreement between p r e d i c t e d  and measured performance of 
p l a n t s  t o  changes i n  temperature (F igu re  2)  and r a d i a t i o n  (Wann -- e t  a l . ,  1978) 
i n d i c a t e s  t h a t  the  model i s  capable o f  responding t o  v a r i a b l e  cond i t i ons  
du r ing  p l a n t  development. 
A1 though t h e  model was o r i g i n a l l y  developed and val i da ted  w i t h  experimental 
data and parameter values f o r  tobacco, i t  has been adapted f o r  s imu la t i on  o f  
vege ta t i ve  growth o f  soybean (Glyc ine max (L . )  Merr. 'Ransom') w i t h  l i m i t e d  
m o d i f i c a t i o n  o f  parameter values and v a l i d a t e d  aga ins t  data se ts  f o r  p l a n t s  
grown i n  photo t ron  chambers over a 28-day pe r iod  a t  temperatures over  t h e  
range o f  14 t o  3 4 ' ~  (F igure  3 )  and f o r  p l a n t s  grown i n  hydroponic c u l t u r e  
w i t h  independently va r i ed  r o o t  and shoot temperatures (F igure  4 ) .  The good 
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Figure 2. Simulated (continuous l i n e )  and measured (0)  dry  weights o f  
tobacco p lan ts  grown under the weekly changes. i n  temperature schedules 
shown i n  inse ts .  With in the insets ,  the 9-h day temperature i s  ind icated 
by the  continuous l i n e  and the 15-h n i g h t  temperature i s  ind icated by 
the dashed 1 ine. (Adapted from Wann and Raper, 1984. ) 
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Figure 3. Comparison o f  ca lcu la ted and measured d ry  weights of soybean ' 
p lan ts  and p l an t  pa r t s  under f i v e  constant day/night temperatures. 
Photosynthetic photon f l u x  dens i ty  dur ing the  9-h day per iod was 
750 vmol s - I  m-'. (Adapted from Wann and Raper, 1979.) 
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Figure 4 .  Simulated (continuous 1 ine)  and measured (0 )  dry weights of 
soybean plants  and plant  par ts  grown i n  hydroponic cu l tu re  a t  root-  
zone temperatures of 18 and 3 0 ' ~  and photosynthetic photon f l ux  densi- 
t i e s  of 700 and 325 pmol s-' rn-' during a 9-h day period. Daylnight 
a e r i a l  temperatures were 26/22'~. 
Tlme after plantlng (days) Tlme after plant~ng (days) 
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agreement between predictions by the model and measured performance of two 
species of plants to  perturbations in temperature and radiation indicates' 
t h a t  the mode1 structure is  relevant t o  actual growth and can serve as  a 
general model fo r  growth of whole plants. 
SUMMARY 
The role of the mathematical model i s  to re la te  the individual processes 
to  environmental conditions and the behavior of the whole plant. Using the 
control led-environment f ac i l  i t i e s  of the phytotron a t  North Carolina State  
University for  experimentation a t  the whole-plant 1 eve1 and methods f o r  
hand1 ing complex models, we have developed a plant growth model to  describe 
the relationships between hierarchial levels  of the crop production system. 
The fundamental processes tha t  a re  considered are ( a )  interception of photo- 
synthetically act ive radiation by leaves, (b)  absorption of photosynthetically 
act ive radiation, ( c )  photosynthetic transformation of absorbed radiation 
in to  chemical energy of carbon bonding i n  solube carbohydrates in the 
1 eaves, (d)  trans1 ocation between carbohydrate pool s in 1 eaves, stems, and 
roots,  ( e )  flow of energy from carbohydrate pools fo r  respiration, ( f )  flow 
from carbohydrate pools f o r  growth, and (g) aging of t issues.  These pro- 
cesses a re  described a t  the level of organ structure and of elementary 
function processes. The driving variables of incident photosynthetically 
act ive radiation and ambient temperature as  inputs pertain to  character- 
ization a t  the whole-plant level .  The output of the model i s  accumulated 
dry matter partitioned among leaves, stems, and roots;  thus, the elementary 
processes clear ly operate under the constraints of the plant structure 
which i s  i t s e l f  the output of the model. The values of those parameters, 
such a s  r a t e  constants f o r  respiration, growth, e t c . ,  that  cannot be 
d i r ec t ly  measured a s  they operate in the intact  plant b u t  are  necessary 
f o r  mathematical description of the elementary processes a re  inferred 
from estimation procedures based solely on observations a t  the whole- 
plant 1 eve1 under the control 1 ed and repeatable experimental conditions 
of the phytotron. The s t ructure of the model thus provides the capacity 
f o r  interpolating among the levels within a crop production system of 
a CELSS. Continuing development i s  being directed toward including 
nitrogen nutr i t ion and carbon dioxide a s  inputs to  the model, extending 
the s t ructure of the model to  include reproductive growth, and adapting 
the model to  r u n  on a micro-computer. 
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